A novel blue-colored organic donor-π-acceptor sensitizer, the so-called MKA16 dye, has been employed to construct solid-state dye-sensitized solar cells (ssDSSCs). Using 2,2′,7-,7′-tetrakis(N,N-di-p-methoxyphenyl-amine) 9,9′spirobifuorene (Spiro-OMeTAD) as hole-transport material, a good conversion efficiency of 5.8% was recorded for cells based on the MKA16 dye and a high photovoltage of 840 mV in comparison with 5.6% efficiency using the known (Dyenamo Blue) dye. By co-sensitization using the orange-colored D35 dye and MKA16 together, the solid-state solar cells showed an excellent efficiency of 7.5%, with a high photocurrent of 12.41 mA cm −2 and open-circuit voltage of 850 mV. The results show that the photocurrent of ssDSSCs can be significantly improved by co-sensitization mainly attributed to the wider light absorption range contributing to the photocurrent. In addition, results from photo-induced absorption spectroscopy show that the dye regeneration is efficient in co-sensitized solar cells. The current results possible routes of improving the design of aesthetic and highly efficient ssDSSCs.
INTRODUCTION
Dye-sensitized solar cells (DSSCs) represent a potentially lowcost, environmentally friendly and efficient solar cell technology originating from the report by O'Regan and Graẗzel in 1991. 1 Since then, much attention has been directed to the development of highly efficient DSSCs. 2−4 Till now, efficiencies higher than 14% have been achieved based on liquid electrolytes using a co-sensitization strategy. 5 Because of potential risks involving electrolyte leakage and corrosion, recent work has been devoted to new materials as solid electrolytes [solid-state DSSCs (ssDSSCs)]. 6 The lower driving force required for efficient dye regeneration in ssDSSCs represents another advantage, which may offer higher opencircuit voltages. 2 So far, ssDSSCs have displayed conversion efficiencies of about 7%, 7−9 involving organic dyes. Vlachopoulos and co-workers reported the synthesis conducting polymers based on a photoelectrochemical polymerization method forming a hole-transport layer and devices with efficiencies up to 7.1%. 8, 10, 11 Xu, Sun, Hagfeldt, and co-workers synthesized organic semiconducting materials for ssDSSCs showing efficiencies up to 7.7%. 9,12−15 Modifications of the ptype dopant used for hole-transport materials (HTMs) may increase the device performance through enhancement of the HTM conductivities. 9, 16 Currently, the morphology of ssDSSCs is limited to very thin films because of short diffusion lengths and incomplete pore filling of the mesoporous photoelectrode substrate, which limits the light-harvesting abilities. Therefore, photosensitizers with high extinction coefficients and a broad range of light absorption are needed. The state-of-the-art ssDSSCs rely on organic donor-π-bridge-acceptor (D−π−A) sensitizers attributed to their exceptional light-harvesting properties and low reactant costs 8, 9, 17 Although the zinc-porphyrin and ruthenium classes of sensitizers used in mainly liquid DSSCs show efficiencies higher than 10%, 18−22 reports on their application in ssDSSCs are few. In addition, regarding less scientific issues also the design of aesthetic solar cells is a factor to consider for public acceptance, especially for weak-light applications. The design of novel blue sensitizers and their application in efficient ssDSSCs are in demand. Only few blue sensitizers have been reported in highly efficient DSSCs, especially concerning ssDSSCs. 23−25 The performance of co-sensitized DSSCs based on liquid electrolytes has been studied with the aim to broaden the light absorption of range of the devices. In the literature, we note that the co-sensitization of the porphyrin-based dye (YD2-o-C8) and an organic dye (Y123) has showed 12.3% efficiency in liquid DSSCs. 20 The co-sensitization of a black dye and organic dyes showed over 11% efficiency, as shown by several research groups. 26, 27 Cheng et al. synthesized a series of sensitizers with near-infrared absorption and improved the efficiency from 5 to 8.2% using a co-sensitization strategy in liquid DSSCs. 28 Very recently, Hao et al. reported the novel blue-colored dye (Dyenamo Blue-DBlue) for efficient DSSCs with cobalt-based electrolytes. 29 However, the co-sensitization studies in ssDSSCs are relatively few. 30 In this paper, we have employed the novel blue-colored dye MKA16 in ssDSSCs. Also, the effects of co-sensitization with an orange-colored dye (D35) in ssDSSCs were investigated. The molecular structures of the materials studied in this work are presented in Figure 1 .
RESULTS AND DISCUSSION
2.1. Optical and Electrochemical Properties. Figure 2 shows the UV−vis absorption spectra for the dyes, DBlue, and MKA16 in dichloromethane solution. Accordingly, DBlue shows a maximum absorption peak at 566 nm, whereas the maximum absorption peak of MKA16 is located at 601 nm.
The red-shift of peaks can be assigned to better electrondonating abilities of fluorene unite. Ideally, the broader the absorption range of a sensitizer, the better the light-harvesting abilities it should display, enhancing the efficiency of the resulting ssDSSCs. The electrochemical experimental data are summarized in Table 1 . The highest occupied molecular orbital (HOMO) energy levels of the two dyes are both more positive (on the standard hydrogen electrode, SHE, scale) than that of Spiro-OMeTAD, indicating that both dyes can be regenerated by the Spiro-OMeTAD HTM film in an ssDSSC device. Table 2 . According to the calculational results, the S0−S1 transition of DBlue is located at 566 nm and that of MKA16 is located at 572 nm, respectively. Those results are close to the experimental data obtained from the steady-state absorption spectra ( Figure 2 ). In addition, the broad band in the ultraviolet range of DBlue is dominated by the three singlet-to-singlet transitions from the ground state (S0) to exited states (S1, S2 etc.) involving the 
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Research Article S0−S3 and S0−S4 transitions with similar oscillator strengths. In the case of MKA16, the absorption range 350−450 nm is dominated by the S0−S3 and S0−S4 transitions with an additional weak contribution from S0−S2.
2.2.2. Re-Organization Energies. The hole hopping between dye molecules can also affect the performance of DSSCs significantly. In recent studies, it has been shown that dye layers can work as a hole-transport medium in ssDSSCs. According to the nonadiabatic Marcus theory, the chargetransfer rate can be estimated according to eq 1.
where g is the electronic coupling, ΔG 0 is the difference in free energy between the equilibrium states of the products and the reactants, and λ is the re-organization energy. The reorganization energy is a factor influencing the hole-transport rate. The re-organization energies of the organic dye molecules are summarized in Table 1 . According to the calculations, MKA16 shows a lower re-organization energy (139 meV) in comparison with that of DBlue (163 meV). Those results indicate that the charge transfer between neighboring dye molecules of MKA16 dye molecules may be more efficient, resulting in a facilitated regeneration process. 2.3. Device Performance of Monosensitized ssDSSC Devices. The performance of the ssDSSC fabricated based on monosensitization recorded at 1 sun illumination under standard global AM 1.5G conditions are displayed in Figure  3 , with the corresponding photovoltaic parameters in Table 3 . The statistical data can be found in the Supporting Information. In particular, for devices based on D35, an open-circuit potential V OC of 850 mV and a short-circuit current J SC of 8.25 mA cm −2 were recorded, rendering a power conversion efficiency (PCEs) of 5.2%. The device performance based on DBlue and Spiro-OMeTAD as HTM showed V OC , J SC , and FF values of 860 mV, 9.10 mA cm −2 , and 0.71, respectively, yielding a higher PCEs of 5.6%. In the case of MKA16, the devices yielded a PCE of 5.8%, with an opencircuit voltage of 840 mV, a short-circuit current of 10.02 mA The ionization potentials (IPs) were calculated from total energy difference of E cation − E neutral . c The S0−S1 excitation energy was determined from the TD-DFT calculations based on the cam-b3lyp/6-311+G* level of theory. d The optical gap determined by the intersection of the absorption and emission spectra. e E LUMO = E HOMO + E o−o . f Estimated from cyclic voltammetry results. The HTM solutions were doped using 1,1,2,2-tetrachloroethane.
Research Article cm −2 , and fill factor of 0.70. In comparison to D35-based devices, solar cells based on both types of blue-colored dyes (DBlue and MKA16) showed higher currents, leading to overall better performance. The photocurrents estimated from the integrated IPCE spectra agree well with the results in Table  1 . ssDSSCs containing D35 as a sensitizer showed an absorption range up to 650 nm and the highest maximum of monochromatic efficiency of 75% at 460 nm. For devices based on the blue-colored dyes, a broader absorption section up to 750 nm and a lower monochromatic efficiency of 63% at 550 nm were noted. In general, ssDSSCs based on DBlue and MKA16 showed relatively lower IPCE values but a wider absorption range in comparison to that of D35, in accordance with their respective UV−vis absorption profiles. To be noted, the IPCE spectra of the D35 and blue-colored dyes are quite complementary, which make them ideal for co-sensitization. 2.4. Device Performance of Co-Sensitized ssDSSC Devices. The performance of the co-sensitized ssDSSCs is shown in Figure 4 , with the associated photovoltaic characteristics in Table 3 . In the present study, two different combinations were considered for co-sensitization. The ratio of the two dyes used was optimized and the data are summarized in the Supporting Information (Table S1 ). In general, all co-sensitized ssDSSCs displayed efficiencies higher than 6%, which is clearly higher than those recorded for monosensitized devices ( Table 3 ). The MKA16/D35-based devices showed the best PCEs of 7.5%, with an open-circuit potential V OC of 850 mV and a short-circuit current J SC of 12.85 mA cm −2 , which is comparable with the record efficiency 8% in combination with Spiro-OMeTAD. 31 The IPCE data (Figure 4b ) also show significant improvement upon co-sensitization. All co-sensitized ssDSSCs show much broader and uniform IPCE spectra with an absorption range up to 750 nm. Irrespective of the co-sensitization combination, the IPCE values at 460 nm are almost constant, which may be explained by an invariant D35 dye load (Table  3 ). In contrast, the IPCE values at 600 nm to some extent depend on the dye combinations. The one with the highest MKA16 dye load (1.4 × 10 −8 mol cm −2 ) shows the highest IPCE of around 60%.
Electron
Lifetimes. The open-circuit voltage of ssDSSCs is mainly affected by the energy difference between the quasi-Fermi levels of TiO 2 and the HTM used. A fast recombination rate will de-populate the sub-band trap states and thus lower the quasi-Fermi level. Consequently, a lower recombination loss rate of the photogenerated charges usually leads to a higher V OC . In Figure 5 , the electron lifetimes of different solid-state dye-sensitized devices are plotted versus V OC . In the case of monosensitized devices, the one based on DBlue shows a longer electron lifetime than those based on D35 and MKA16. This explains the higher V OC observed in the former type of devices (Table 3 ). In the case of co-sensitized devices, the ones based on the DBlue/D35 combination show the longest electron lifetime among all of devices. It should also be noted that all co-sensitized devices exhibit longer electron lifetimes than those sensitized by D35 alone. Therefore, the recombination loss is obviously suppressed using co-sensitization in the ssDSSCs, resulting in higher V OC . The reason may be associated with a sterically more rigid donor in the MKA16 dye. The present results indicate that cosensitization may be an efficient strategy to improving the V OC in ssDSSCs.
2.6. Photo-Induced Absorption. The charge transfer between the dye molecules and the HTM was studied using photo-induced absorption (PIA) spectroscopy. In the absence of Spiro-OMeTAD, the wide absorption range 600−1100 nm arise from the radical cation (oxidized form) of D35 ( Figure  6a ). 32, 33 After deposition of the HTM onto a TiO 2 /D35 film, the decrease in absorption in the range between 750 and 1100 nm can be attributed to the dye regeneration process. The positive absorption in the range 600−750 nm can be assigned to absorption of the oxidized Spiro-OMeTAD, indicating a charge transfer from Spiro-OMeTAD to D35. Thus, it is clear that the regeneration process is efficient in D35-based ssDSSCs. In the case of the blue-colored dyes (DBlue and MKA16) without Spiro-OMeTAD, the positive signal beyond 750 nm can be assigned to the absorption of the oxidized cation of those blue-colored dyes (Figure 6b,c) . In the presence of Spiro-OMeTAD, the previously positive band 
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The positive absorption band in the range of 700−1100 nm can be assigned to oxidized D35 and the blue-colored dye after excitation in the absence of Spiro-OMeTAD. After deposition of a Spiro-OMeTAD film on the top of dye-sensitized films, a peak at around 750 nm is observed with a lower absorption tail between 800 and 1100 nm. This can be explained by a hole transfer from the dye molecules to the hole conductors (or electron transfer in the reverse direction). With the clear reduction of absorption in the range 800−1100 nm, the dye regeneration process can be regarded as very efficient. These results are coherent with the excellent short-circuit currents recorded from D35/MKA16 co-sensitized ssDSSCs.
2.7. Aging Test. The long-term stability of ssDSSCs is crucial for industrial applications. For this reason, an aging test was performed. All devices were stored in the dark with a humidity of about 20%. The results are summarized in Figure  7 . All devices are chemically stable over a period of 1 week. Cosensitized cells appear to be slightly more stable over the test period.
CONCLUSIONS
A novel blue dye was introduced and characterized in ssDSSCs. Solar cells based on the new MKA16 dye combined with Spiro-OMeTAD as HTM yielded good PCEs of 5.8%. In comparison to devices monosensitized with D35, the MKA16/ D35-based co-sensitized devices show broader IPCE spectra and longer electron lifetimes; coherent with the higher photocurrents and photovoltages recorded. Co-sensitization yielded devices with a short-circuit current of 12.85 mA cm −2 and an open-circuit voltage of 850 mV, and a resulting conversion efficiency of 7.5%, which is among the highest performance obtained for ssDSSCs with Spiro-OMeTAD. Toolbox measurements also show that co-sensitization improves electron lifetimes. In addition, results from PIA spectroscopy show an efficient regeneration of the dye molecules in co-sensitized solar cells in correspondance with the high photocurrents recorded. The success of cosensitization in ssDSSCs shows this strategy to be a promising path to follow for future high-performing solid-state devices. 
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